Bright, efficient, and stable white polymer light-emitting diodes based on blue polyfluorene doped by a "twistacene, " 6, 8, 15, 17-tetraphenyl-1.18, 4.5, 9.10, 13.14-tetrabenzoheptacene (3) (TBH), are demonstrated. In "twistacene" the terminal pyrene moieties serve two functions: (i) to stabilize the inherently unstable heptacene and (ii) to enable the oligoacene to be a strongly fluorescent molecule. As a result, efficient and very bright white polymer light-emitting diodes are obtained. The maximum luminance of the devices exceeds 20 000 cd/ m 2 . The maximum luminous efficiency is 3.55 cd/ A at 4228 cd/ m 2 while the maximum power efficiency is 1.6 lm/ W at 310 cd/ m 2 . The device obtains a stable white balance by a combination of energy transfer from the blue polyfluorene to TBH by 1% TBH doping plus the host emission. The device emission color is not a function of bias current, which is ideal for various applications, from lighting to the backlight for liquid crystal Organic light-emitting diodes have been attracting considerable attention due to their diverse promising applications for large-area flat panel display systems.
Organic light-emitting diodes have been attracting considerable attention due to their diverse promising applications for large-area flat panel display systems.
1 Among these, white light-emitting diodes (LEDs) have been studied as backlight for liquid crystal display or full color LED when combined with color filters. [2] [3] [4] White color LEDs have also attracted increasing interest for their illumination application such as light source for indoor lighting. So far, several different approaches, including multilayer structures, 5, 6 polymer blends, 7 multiple-quantum wells, 8 polymer doped with R (red), G (green), B (blue) emitting dyes, 3 and microcavity structure 9 have been reported to achieve white LEDs. The generation of white color through a single polymer layer, fabricated by polymer wet-coating process, is an attractive idea due to the possibility of low-cost and large-area fabrication process.
In single-layer devices, the essential challenge is to control the energy transfer between the R, G, and B materials. For example, by using a doping method, due to the different efficiencies of energy transfer to each dopant in the polymer matrix, it is difficult to reach a balanced white color under different bias conditions. As a result, a voltage-dependent electroluminescence (EL) emission color is often observed. 10, 11 One method to solve this problem is to reduce the number of the dopants. Several groups have reported that white electroluminescence also can be achieved by blending merely a blue dye with an orange or yellow dye. [12] [13] [14] [15] [16] These devices generally did not exhibit ideal properties. This letter reports bright white electroluminescence devices based on an extension of the mentioned [12] [13] [14] [15] [16] polymer-small molecule blend.
Recently, we designed and synthesized a "twistacene", 6, 8, 15, 17-tetraphyenyl-1.18, 4.5, 9.10, 13.14-tetrabenzoheptacene (3) (TBH, see the inset of Fig. 1 for the structure). 17 The molecule was designed as part of a larger study on linear oligoacenes. The terminal pyrene moieties were designed to serve two functions: (i) to stabilize the inherently unstable heptacene and (ii) to enable the oligoacene to be a strongly fluorescent molecule. The material's photoluminescence (PL) spectrum spans from 520 to 700 nm. The molecule turns out to be stable to isolation and to handling in the open atmosphere under normal laboratory fluorescent lamp illumination. The solid-state structure further reveals that this molecule is so strongly twisted out of planarity that the terminal pyrene units end up in the same plane. This nonplanarity prevents the molecules from closely approaching each other in the solid state. There fore, self-quenching effect could be reduced. In principle, doping this material into a blue polyfluorene (PF), the PL spectrum of the doped polymer will cover the whole visible spectrum. As a result, it was expected to achieve white-light emission by only one dopant. This TBH solid is sufficiently soluble in 1,2-dichlorobenzene (ODCB) for blending purposes but not for direct spin-coating. The blue PF polymer contains functional units similar to those found in poly(9,9-dioctylfluorene) (PFO), poly(9,9-dioctylfluorene-co-N-(4-butylpheneyl) diphenylamine) (TFB), and poly(9,9-dioctylfluorene-co-bis-N ,
The PLEDs were fabricated in a single-layer configuration by using indium-tin-oxide (ITO) as the hole-injecting contact (anode) and calcium encapsulated with Al as the electron-injecting contact (cathode), respectively. A buffer layer of 50 nm poly(ethylene dioxy thiophene)/polystyrene sulfonate (PEDOT:PSS) was used as a hole injection layer at the anode interface between ITO and the emission polymer. A 5 Å LiF layer was inserted between the polymer and Ca as interface modification layer for the cathode. 18 The emitting polymer (with dopant) layer was fabricated by spin-coating inside a pure nitrogen-filled glove box. The current-voltage and light-voltage curves were recorded with a Keithley 2400 source-measure unit and a calibrated silicon photodiode. The luminance was further measured by a Photo Research PR650 spectra photon-meter. The Commission International de l'Eclarirage (CIE) (1931) coordinates were used to describe the color of the devices, including hue and saturation. All the measurements were carried out with samples placed inside a dry box. The PL and EL spectra of the polymer doped with different weight ratios were studied with a Jobin Yvon Spex Fluorolog-3 double-grating spectroflurometer and a Photo Research PR650 spectrophotometer, respectively. Figure 1 shows the UV-visible absorption spectrum of TBH solution in toluene and PL spectrum of a polyfluorene thin film. The overlap area of the emission spectrum of PF and the absorption spectrum of TBH infers that energy transfer could be achieved in this system. 19 To further study the doping effect, PL spectra were studied with different doping ratios. During the experiments, the thickness of the thin films with different doping ratios was well controlled to be same. Therefore, the absolute value of PL spectra could be compared. The excitation wavelength used was 390 nm. Based on PL spectra [see Fig 2(a) ], the main emission for pure PF lies at lambda = 460 nm while the main emissions for pure TBH lie at = 542 and 582 nm, respectively. After a PF thin film was doped with TBH, the PL intensity of the PF decreased and new peaks, attributed to TBH emission, appeared. When the doping ratio of TBH was 0.5 wt %, the TBH emission only showed a shoulder with small emission intensity in the spectrum, while the PF emission decreased dramatically. When the doping ratio of TBH increased to 1 wt %, the TBH emission kept on increasing, while the PF emission dropped to half its initial emission. When the doping ratio of TBH reached 5 wt %, PF emission decreased even less than TBH emission. The fact that TBH emission at 5 wt % doping level did not increase dramatically may be due to self-quenching at high doping level. Another inference from Fig. 3(a) is that the PL spectra are simple linear combinations of the PF spectra and TBH spectra. There is no position shift of the PL peaks. This suggests that there is no exciplex formed between PF and TBH.
The EL is, however, more complicated than the PL. Figure 2(b) shows the EL spectra at different doping levels. It was found that the shapes of EL spectra are different from those of PL spectra at the same doping ratio. For example: in a PL spectrum of 99 wt % PF mixed with 1 wt % TBH, there are only two small peaks attributable to TBH emission which lie at = 544 and 588 nm, respectively; while in its EL spectrum, the dopant emission was enhanced. These two peaks increase and become the two major peaks, comparable to the EL emission peak of PF. At 5 wt % dopant level, the PF emission disappeared in its EL spectrum, while it still can be observed in its PL spectrum. This phenomenon is common in the doped systems. 20, 21 The main reason for the observation of this phenomenon lies on different excitation mechanisms of PL and EL. The PL spectra are excited by photons. There is no carrier injected in this process, the emission spectra of a doped system are only determined by the energy transfer. However, in EL spectra, besides energy transfer, carrier trapping also plays an important role. 21 Another important feature of our device EL spectra is that there is little change of emission color under different bias conditions, which is a very important feature for the display applications. The inset of Fig. 2(b) is the device CIE coordinate graph at different current densities, which ranged from 10 to 120 mA/ cm 2 . The corresponding luminance then changed from 320 cd/ m 2 (at 10 mA/ cm 2 ) to 4230 cd/ m 2 (at 120 mA/ m 2 ). The color stability as a function of luminance is far superior to the previous reports. 13, 15 Table I shows results of devices based on different doping levels. The device EL spectra vary as a function of doping level with the best color balance being achieved by 1 wt % TBH doping. Figure 3 shows the current-voltageluminance characteristics of the device based on 1% TBH doped polymer. The device current turns on at 2.3 V while luminance turns on at around 3 V. The maximum luminance based on measurement is 20 000 cd/ m 2 . The device achieves the maximum luminous efficiency as high as 3.55 cd/ A at 4228 cd/ m 2 and the maximum power efficiency as 1.6 lm/ W at 310 cd/ m 2 . The luminous efficiency of the reported device is comparable to that of the phosphorescence doped devices reported recently. 16 Moreover, compared to the reported phosphorescence LED in Ref. 16 , the device in this letter has higher power efficiency due to the lower turn-on and operating voltages. There is a 0.7 V difference between the turn-on voltages of light-emission and charge injection, suggesting that the majority and minority injections are still not perfectly matched. The 3.55 cd/ A reported in this letter should be the low-end number and there is still some room for device improvement for this system.
In summary, this letter demonstrated very bright and efficient white emission PLEDs with a maximum luminance exceeding 20 000 cd/ m 2 based on blue PF doped by 1 wt % TBH. The maximum luminous efficiency is 3.55 cd/ A at 4228 cd/ m 2 while the maximum power efficiency is 1.6 lm/ W at 310 cd/ m 2 . The white color is achieved by the incomplete energy transfer from blue PF to TBH. The advantage of this device is that the device CIE coordinates vary little as a function of current density. This device is an important step toward applications in lighting and displays. 3 . The device I -L -V curves at 1% doping level. The device turns on at 2.3 V, but the emission appears at around 3 V, this delay suggests that the charge is still not balanced well and the device still can be improved.
